A theoretical model is proposed to explain the degree of texture achieved in high-T c superconductors during melt-processing under an elevated magnetic field. The degree of grain alignment is quantified through a factor F which is defined as ranging from 0 (random alignment) to 1 (completely oriented). Intermediate values of F clearly characterize intermediate states of alignment in which there is still some tendency for the grains to align their c axes with the magnetic field. The model suggests that the enhancement in texture is primarily obtained through grain rotation during the early stages of grain growth from the liquid. At the later stages of growth, grains interact with each other, which hinders the phenomena of magnetic-field-induced grain alignment.
I. INTRODUCTION
The principal limitation to technological applications of high-T c polycrystalline oxide superconductors is the low critical current density (J c ) found in these materials. This limitation is strongly correlated with the misorientation among the grains. Hence, to minimize the number of intergranular weak links, a high degree of crystallographic texture must be obtained. One possible route by which a strong crystallographic texture can be produced is to melt-process the material under the effect of an elevated magnetic field. The magnetic alignment of nondoped superconductor grains results from anisotropy in the paramagnetic susceptibility associated with the Cu-O conducting planes. Since the susceptibility parallel to the superconductor grain crystallographic c axis ( c ) is higher than the susceptibility perpendicular to the c axis ( ab ), [1] [2] [3] nondoped superconductor grains should align with the c axis parallel to the external field, H. For superconductors doped with magnetic rare-earth elements, the paramagnetic susceptibility is dominated by the R 3+ ion, and the origin of anisotropy is single-ion anisotropy associated with crystal fields at the rare-earth site. 4 Grain alignment induced by a magnetic field has been confirmed by various groups, [5] [6] [7] [8] [9] [10] [11] although very little work has been done on BSCCO thick films or tapes processed under elevated magnetic fields. Recently, however, Ma and Wang 12 obtained a high degree of texture in Bi-2223/Ag tapes melt-processed in a 4.5 T magnetic field. In addition, we have observed in two recent works 13, 14 an increase in the degree of texture and transport critical current (J c ) of Bi-2212 thick films meltprocessed under the influence of an elevated magnetic field. To illustrate the effect of the magnetic field, Fig. 1 shows two Bi-2212 tapes that were melt-processed in the absence [ Fig. 1(a) ] and the presence [ Fig. 1(b) ] of a 10 T magnetic field. 15 It is evident the increase in grain alignment is produced by the thermomagnetic process.
The processing of superconductor material at temperatures that achieve a partially molten state facilitates the formation of the superconducting phases and enhances the degree of texture achieved. It is well established that if there are intergranular liquid phases, grains can be oriented more easily by the magnetic field. However, in the case of BSCCO/Ag films or tapes, a gradient in the liquid phase fraction may develop across the entire film thickness as a result of the effect of Ag on the superconductor melting point. 16 As a result, in thick films or tapes (>20 m), stratified regions with a different degree of liquid phase may coexist across the whole thickness of the films. In other words, the presence of the Ag substrate in the tape or film configuration may change considerably the mechanism(s) by which grain alignment occurs in bulk materials.
In the case of regions adjacent to the Bi-2212/Ag interface, where the material is in a molten state, the effect of the magnetic field seems to be strongly related to the nucleation and early growth of grains during the solidification process. 13, 14 On the other hand, away from the interface, where a partially molten state or even a fully solid region remains, the effect of the magnetic field seems to be a rotation of fully developed grains.
In general, as a first step in providing suitable tools for the design of superconductor materials with tailored properties, it seems important to understand the effect of a magnetic field on the mechanism(s) by which superconductor grains are aligned. Thus, processing parameters such as temperature, degree of undercooling, and processing time and their related parameters such as grain size, grain shape, and liquid volume fraction may affect the overall degree of alignment that a magnetic field can produce.
In this work, a model is introduced to describe the texture development of anisotropic high-T c superconductor materials under an elevated magnetic field at high temperatures. The following will attempt to predict an alignment factor F to quantify the degree of c axis orientation as a function of processing conditions. The factor F is defined as ranging from 0 (random alignment) to 1 (completely oriented). Intermediate values of F clearly characterize intermediate states of alignment in which there is still some tendency for the grains to align their c axes with the magnetic field. The usefulness of the parameter F is also pertinent for comparison with experimental data through the Lotgering factor, 17 which can be obtained by x-ray diffraction analysis.
II. NUCLEATION UNDER THE INFLUENCE OF A MAGNETIC FIELD

A. Homogeneous nucleation
Let us first consider the situation in which the superconductor material is processed above the melting point. Upon solidification, under the presence of an elevated magnetic field, it seems relevant to determine if the nucleation event may play an important role in the alignment process.
Following classical homogeneous nucleation, the free energy change ⌬G of a given volume of solid nucleating homogeneously with the liquid under the presence of a magnetic field, can be given by
where V s is the volume of the solid, ⌬G V is the change in free energy per unit volume of the solid, A i SL the solid/liquid interfacial area, ␥ SL the interfacial energy per unit area of interface, and ⌬G M the Zeeman energy per unit volume of the solid.
The extra driving force ⌬G M due to the presence of a magnetic field is a result of the difference in magnetization between the liquid and the solid state. This energy can be expressed as
where ⌬M T is the difference in magnetic moment between the liquid and the solid at a temperature T, and H is the applied magnetic field. In the liquid, the magnetic moment per unit volume M L is given by L H, where L is the paramagnetic susceptibility. In the solid, high-T c superconductors exhibit an anisotropic paramagnetic susceptibility in their normal state, and hence, when placed in a magnetic field, the magnetic energy is minimized when the axis of maximum susceptibility is parallel to the magnetic field. Assuming that an anisotropic nucleus is forming in a high magnetic field H, where the angle between ¡ H and the c axis of a grain is (Fig. 2) , the magnetic moment of the nucleus per unit volume can be written as
and the paramagnetic moments per unit volume M c and M ab can then be expressed as
where c is the paramagnetic susceptibility along the c ជ direction and ab is the paramagnetic susceptibility normal to the ab plane. Substituting Eqs. (2)- (5) into Eq. (1), we obtain for the total change in free energy
Substituting sin 2 ‫ס‬ 1 − cos 2
into Eq. (6), the free energy change can be expressed as
where ⌬ ‫ס‬ c − ab is the difference in the volume susceptibilities of the grain. In addition, we shall assume for simplicity that the nucleus has a spherical shape and that the interfacial energy solid/liquid is isotropic. Thus, the summation term can be reduced to a single A SL ␥ SL product. Considering this, we find the critical radius of a nucleus under the influence of a magnetic field by minimizing the free energy change ⌬G [Eq. (8)]. Thus, the critical radius r crit , can be expressed as
Let us now explore the consequences of this expression for the cases where the magnetic field H is parallel or prependicular to the nucleus c axis.
When ‫ס‬ 0, we obtain
whereas when ‫ס‬ /2, we obtain
We can now determine the critical energy barrier for nucleation by substituting Eq. (9) into Eq. (8) . This gives
For an undoped material, such as pure Bi-2212 or for a compound containing a nonmagnetic rare earth, such as Y-123, the paramagnetic susceptibility arises from the conducting Cu-O planes and exhibits always c > ab . Thus, qualitatively, the critical radius of a nucleus will be smaller when the nuclei have their c axes parallel to the magnetic field. In other words, when composition fluctuations are taking place during the nucleation event, there is a greater tendency for the nuclei that are aligned with the c axis parallel to the field to grow [Eq. (10) ]. In addition, for a certain undercooling, the barrier for nucleation will be lower when the field is parallel to the nuclei c axis [Eq. (12) ]. On the other hand, for nuclei aligned with the c axis perpendicular to the field, the size of the critical radius and the energy needed to overcome the nucleation barrier need to be larger before the nuclei are permitted to grow [Eqs. (11) and 13)]. Therefore, these types of nuclei may, in principle, tend to be suppressed during the onset of nucleation. For a magnetic rare-earth-doped material, such as R-123, the paramagnetic susceptibility is dominated by the ionic magnetic moment of R +3 . In this case, depending on the nature of the rare-earth element, we may have c < ab (normal aligner) or c > ab (parallel aligner). Thus, in these cases, the orientation of the nuclei will be intimately related to the type of doping element.
B. Heterogeneous nucleation
In the processing of superconductors, homogeneous nucleation may occur in bulk samples or in thick tapes or films in regions away from the Ag surface where solidification is initiated. However, for thin tapes or films and regions close to the Ag interface, heterogeneous nucleation may occur. We will assume for simplicity that heterogeneous nucleation takes place only at the Ag/superconductor interface and investigate how the magnetic field will influence the nucleation. Following the same reasoning as in Eq. (6), we may write the free energy change for a heterogeneous nucleation event under the presence of a magnetic field as
where A SAg is the area of the nucleus/Ag substrate, ␥ SAg is the interfacial energy per unit area of S/Ag interface, ␥ AgL is the interfacial energy per unit area of Ag/L interface, and the other symbols have the same meaning as before. This equation written in terms of a wetting angle and a cap radius r will give, by differentiation, the same expression for the critical radius as obtained for homogeneous nucleation. However, the activation energy barrier for heterogeneous nucleation will be modified in the following way
where W() ‫ס‬ (2 + cos)(1 − cos) 2 /4. Thus, based on this expression, the nucleation of superconductor grains on the Ag substrate is more likely to occur for the cases in which the c axis of the nuclei are parallel to the magnetic field.
Thus far, we have seen that qualitatively for the cases where c > ab , the presence of a magnetic field may align the nuclei c axis parallel to the magnetic field. This effect may introduce a certain degree of alignment, which can be related to the current flowing in the superconductor material.
C. Calculation of the magnetic field effect on the nucleation
Let us assume homogeneous nucleation and calculate the dependence of the critical radius on the angle for BSCCO superconductors. The anisotropy in molar magnetic susceptibility ⌬ molar is approximately 22.5 × 10 −5 cm 3 /mol. 2, 3 The anisotropy in volume magnetic susceptibility ⌬ used in Equation (9) is then 1.5 × 10 −6 if we assume a density of 5.5 g/cm 3, 18 for the superconductor. The term ⌬G V , assuming a small ⌬T, is taken as ⌬G V ≈ L V ⌬T/T m where L V is the latent heat of fusion per unit volume, ⌬T is the degree of undercooling, and T m is the melting temperature. The solid/liquid interfacial free energy ␥ for BSCCO is about 74.7 ergs/cm 2, 19 whereas L V is calculated as 1.76 × 10 10 ergs/cm 3 based on a reported value of L V of approximately 1.85 kJ/mol. 19 In addition, the magnetic susceptibility for the liquid phase L is assumed to be of the same order of magnitude as ⌬.
On this basis, and assuming a magnetic field of 10 T applied during the nucleation event, for an undercooling of 20 degrees, we obtain the plot shown in Fig. 3 (curves a and b). This magnetic field seems not to have an effect on the orientation of the nuclei. The situation would change dramatically if the anisotropic magnetic susceptibility or the magnetic field applied would be a few orders of magnitude larger (Fig. 3) . Both ␥ and L V could also affect the nucleation event [Eq. (9)], but this would occur only for values of ␥ and L V a few orders of magnitude different, which are unreasonable for realistic ceramic systems. In other words, a preferred orientation of the nuclei c axis parallel to the magnetic field does not seem particularly favored and thus, nucleation of superconductor grains should occur randomly. As a consequence, the experimental evidence of magneticfield-induced grain alignment cannot be explained based on the nucleation event. Despite this, it is interesting to note that the experimental results obtained in BSCCO films or tapes, 13, 14 in particular near the superconductor/Ag interface, indicate a high degree of alignment achieved well before the grains are fully developed.
Having this in mind, we suggest that rotation of superconductor grains in the early stages of growth under the presence of a magnetic field may cause the increase in alignment. This situation would be very similar to a rotation of particles in a free medium, since most of the material would be in the liquid state and thus particles can rotate without interacting. 
III. GROWTH OF NUCLEI UNDER A MAGNETIC FIELD
During the rotation process, which will be discussed in Sec. IV, superconductor grains grow at the expense of the liquid. Normally, superconductor grains exhibit a growth anisotropy in the two crystallographic directions ab and c, with the growth in the c direction slower than the growth in the ab direction. However, in the presence of a magnetic field, there is a theoretically driving force arising from the change in magnetostatic energy due to the growth of the nuclei, which may change the tendency of growth in the ab direction. In this section, we will investigate this effect.
Let us start by assuming that the nuclei are already aligned with the c axis parallel to the magnetic field. Thus, during growth, a change in shape will produce a change in magnetostatic energy density of a grain given by
where H d is the demagnetization field and ⌬N is the demagnetization factor that is shape-dependent. Inserting Eq. (3) into Eq. (16), we obtain for the case where ‫ס‬ 0 (nuclei already aligned with the field)
For the case of a nucleus with an initial spherical shape that grows preferentially along the ab direction and exhibits the magnetization perpendicular to its length, the demagnetization factor changes from N ‫ס‬ 1/3 (sphere) to N ‫ס‬ 1 (infinite sheet). Thus, qualitatively, the growth of nuclei along the ab direction should be hindered. Let us now consider the case in which the growth in the c direction is continuous. Hence, the effective flux of atoms from the liquid to the ab interface may be written as
where P S is the probability of liquid atoms to be accommodated in the solid nucleus, n L is the average number of atoms per unit area to attempt a jump into the solid, L is the vibrational atomic frequency, and ⌬G L is the free energy of activation for liquid diffusion.
A similar flux from the solid to the liquid will also occur, but in this case, we need to consider two additional energy terms, one related to the driving force for solidification (⌬G V ) and the other corresponding to the change in magnetostatic energy (⌬G d ). Thus we may write for the flux
The net flux from the liquid to the nucleus is then given by
Thus, qualitatively, in accordance with Eqs. (17), (19) , and (20) , the presence of a magnetic field would hinder the growth in the ab direction. However, after evaluating the terms ⌬G V and ⌬G d , based on the values assumed in Sec. II. C, it is found that the driving force for solidification of ⌬G V is several orders of magnitude greater than ⌬G d , and thus, effectively, the magnetic field does not play a role in the growth process.
IV. ROTATION OF SUPERCONDUCTOR GRAINS UNDER THE INFLUENCE OF A MAGNETIC FIELD
A. The magnetic energy of a grain
Assuming that an anisotropic grain with a volume V is placed in a magnetic field H, the change in magnetic energy of the grain with a change in magnetic field can be written as (21) where M is the magnetic moment per unit volume, which can be resolved in the two directions c and ab, and is the angle between the magnetic field and the c axis of the grain. For high-T c superconductors in their normal state, the magnetic moments M c and M ab are paramagnetic moments and are given by Eqs. (4) and (5). Thus, we can rewrite Eq. (21) as
On integrating Eq. (22), we obtain the magnetic energy of a grain as
After inserting Eq. (7) into Eq. (23), the magnetic energy of a grain can be written as
where ⌬ has the same meaning as before. Hence, when ‫ס‬ 0 we have
whereas when ‫ס‬ /2, we have
For the cases where c > ab , then E m (0,H) < E m (/2,H), and this means that the magnetic field will tend to rotate the grains to ‫ס‬ 0, a lower energy state. On the other hand, when c < ab and E m (0,H) > E m (/2,H), the magnetic field will tend to rotate the grains to ‫ס‬ /2.
In general, under a high magnetic field, an anisotropic grain will be rotated by the magnetic field to its lowest energy state. The driving force is given by the anisotropy magnetic energy of the grain. The direction of the grain rotation will be determined by the paramagnetic susceptibilities c and ab .
It is clear that the anisotropy energy [Eq. (24)] depends on the anisotropic paramagnetic susceptibility, magnetic field, and volume of the grain. Among these variables, ⌬ is temperature-dependent and V is temperature-and time-dependent. As a consequence, the processing time and temperature will affect grain alignment. Thus, for magnetic-rotation-induced grain alignment, control of the grain size seems to be rather important. There is a critical volume of a grain, V c , that corresponds to a magnetic anisotropy energy equal to the thermal disorder energy kT, i.e., ⌬H 2 V c /2 ‫ס‬ kT. Thus,
When V < V c , the magnetic field cannot overcome thermal disorder and introduce grain alignment. For a magnetic field of 10 T, and a temperature of 875°C (5 degrees below the melting point of Bi-2212), we obtain for V c the value 3.12 × 10 7 Å
3
, which means for a spherical particle, a radius of 315 Å.
Since the radii of the grains that can be rotated under a magnetic field are small, we shall first investigate the early stages of growth in which most of the surrounding material is still in the liquid state, and thus grain rotation in a free medium may be used as a model.
B. Early stage of growth: The case where grains do not interact with each other
Subsequent to the nucleation event, nuclei will start their growth under the influence of a magnetic field. In the early stages of growth, the grains will be surrounded by a liquid phase until they impinge and rotation is hindered by the interactions among the grains. This situation obviously depends on the number of stable nuclei. In this section, we assume the degree of undercooling to be small (the typical processing condition of BSCCO materials) so that the number of nuclei that are stable to grow is small. Let us then treat the grains as small particles rotating in a free medium without interactions.
We first consider the probability f () that a grain has an orientation with an angle between and + d under the influence of a magnetic field. This can be expressed, according to classic Boltzman statistics, as
Let us now imagine a situation in which the total number of grains is n. Thus, the mean number of grains with an orientation between and + d can be given by
The distribution n() can thus be related to an alignment parameter that can be used to quantify the degree of texture in melt-processed superconductor materials under the influence of a magnetic field. Let us define this alignment parameter F, such that F ‫ס‬ 1 for a completely aligned structure and F ‫ס‬ 0 for a completely random texture, in the form
where s 2 is the variance of the distribution for a particular processing condition and s 2 H‫0ס‬ is the variance of the distribution in the absence of a magnetic field. For continuous distributions, the variance s 2 can be expressed as
and the mean value given by
Thus, when the variance of the distribution is zero (Delta function), the degree of alignment F is 1 (all the grains have their c axes parallel to the magnetic field), whereas when the determined variance is equal to the variance in the absence of a magnetic field, the parameter F is zero (random alignment). If we define
where
then we may rewrite Eq. (30) as
The F factor given by Eq. (35) allows us to relate the processing parameters such as the magnetic field and temperature to the degree of texture of the superconductor material. To verify the model, we shall use results available in the literature for the Bi-2212 system. In Fig. 4 , the F factor is plotted as a function of the magnetic field for different grain sizes and a temperature of 875°C, which is approximately 5 degrees below the melting point of Bi-2212. The values used for the anisotropic magnetic susceptibilities c and ab are the same as those described in Sec. II. C. As depicted in Fig. 4 , when the magnetic field increases, there is a tendency for the texture to increase, except in cases where the grain size is too small. Therefore, a high degree of alignment can be obtained by increasing the magnetic field and the grain size. It is also evident that in the case of larger grain sizes, the magnetic field tends to saturate, and thus, increasing the magnetic field has only a negligible effect on the degree of texture.
The F factor as a function of the processing temperature T requires a little more attention. In this section, we are considering the situation in which the material is brought from the liquid state to the solid state and processed at a temperature T. Hence, an increase in the processing temperature will increase kT which will, in principle, work against the alignment. In addition, as the processing temperature increases, the degree of undercooling decreases, and thus, for the same processing time, the solid nuclei have grown larger. This may lead to an increase in the degree of alignment. However, typically, cooling of BSCCO superconductors is rather slow, and thus, this last effect may be neglected. On this basis, a plot of the F factor as a function of the processing temperature for 2 grain sizes and a low and high magnetic field can be observed (Fig. 5) . The graph shows a negligible dependence of the degree of texture for the range of temperatures chosen, which is the typical window in which BSCCO materials are processed.
C. Fully developed grains: The case where grains interact with each other
This section describes another mechanism of alignment, which occurs when the superconductor material is never brought above the melting point in the presence of a magnetic field, or when the magnetic field is applied during the late stages of growth. Thus, in this case, magnetic-field-induced alignment occurs through rotation of fully developed superconductor grains. As a result, an interaction energy among the grains needs to be considered. This interaction acts to hinder the effect of the magnetic field.
The interaction energy ⑀ I between two grains can be written as
where I is a geometric factor that depends on the dimensions of the grains, distance and angle between the grains, and grain concentration, E m is the magnetic energy of a grain, and the factor 1 ⁄2 ensures that the interaction between two grains is counted only once in the total energy. In other words, the rotation driven by the anisotropic magnetic energy will cause the grains to interact, provided some constraints are imposed by the geometric configuration of the grains. For the evaluation of the geometric factor I , let us start by considering the superconductor grains as parallelepipeds with length L and diameter D. We now find the relative position between two grains, such that when the angle ␥ between the c axis of the grains is zero or the distance between their centers of gravity is Ն L, there is no interaction between the grains (Fig. 6 ). This may be expressed as
Since grain j can be at any angle between 0 and /2 with respect to grain i, in average, the geometric factor between two grains can be given by
Assuming an isotropic system, the probability p(␥)d␥ that the c axis of grain j lies in a certain solid angle range d⍀ with respect to the fixed c axis of grain i is proportional to the solid range d⍀. The solid angle range d⍀ corresponding to values of ␥ between ␥ and ␥ + d␥ is proportional to sin␥d␥. Thus, the probability that the angle ␥ lies between ␥ and ␥ + d␥ where ␥ may vary from 0 to /2 can be expressed as sin␥d␥. On this basis, we can now rewrite Eq. (38) as
In a real system, there are many grains j that interact with grain i, and thus we may write
The summation term that describes the number of j grains interacting with grain i may be considered, to a first approximation, as a nearest neighbor interaction. Thus, it can be regarded as the number of grains interacting in the volume excluded by one parallelepiped during rotation induced by a magnetic field through a solid angle (Fig. 6) . If we approximate the excluded volume as
then the number of grains that may interact within the volume V exc can be given by
As an approximation, we may assume that the number of grains within the volume V exc is proportional to the volume fraction of solid existing in that volume times the maximum number of grains with a volume LD 2 that may exist within the volume V exc . This may be expressed as
Thus, as the temperature increases, the volume fraction of liquid increases, and hence, the degree of interaction decreases. Inserting Eqs. (39) and (43) into Eq. (40), we obtain
Following Eq. (36), we can now write the total interaction energy of grain i as
Thus, the total energy of a grain under a magnetic field, for the cases where an interaction between the grains occurs, can be given by
Inserting Eq. (46) into Eqs. (28)- (32), one can now determine the factor F given by Eq. (35), with the terms ␣ and ␤ in Eq. (35) being now defined as
FIG. 6. Geometric configuration between two interacting grains during rotation under the influence of a magnetic field. L is the length of the grains, D is the width of the grains, and ␥ is the angle between the two grains.
In Fig. 7 , a plot of the F factor as a function of the magnetic field for a temperature of 875°C and a grain aspect ratio of 3 can be seen. The solid curve represents the case in which interactions between the grains are not present, whereas all other curves represent some sort of interaction, described by the parameters and that are defined as the average distance between the centers of the grains and the volume fraction of liquid, respectively. It is evident that for the same average distance , the degree of interaction increases as the volume fraction of liquid decreases. This is understandable since the liquid phase present between the grains acts as a lubricant during grain rotation. In addition, Fig. 7 also shows that as the distance between the grains decreases, the interaction increases significantly, and thus, alignment of superconductor grains during the processing cycle will be difficult to accomplish. Another parameter of interest for the overall alignment seems to be the aspect ratio R of the grains. This effect is depicted in Fig. 8 which shows the F factor as a function of the magnetic field for a processing temperature of 875°C, ‫ס‬ L/ 2 and liquid volume fraction ‫ס‬ 0.4. As shown in Fig. 8 , as the aspect ratio R increases, the degree of alignment decreases. For the conditions described in Fig. 8 and R ‫ס‬ 4, a magnetic field of 10 T is no longer capable of producing grain alignment. Since the BSCCO crystals have typically aspect ratios above 10, the results of this model strongly suggest that magnetic-fieldinduced texture does not occur when the grains are fully grown. Instead, it is during the early growth, for which the grain's aspect ratio is small, that most of the grain alignment occurs.
Finally, it is important to establish the influence of the processing temperature on the degree of alignment. As a first approximation, we may assume that the grain size is constant and that throughout the range of temperatures, the molar fraction of liquid within the excluded volume [Eq. (43)] varies linearly from 0 at the lowest temperature to 1 at the highest processing temperature. On this basis, Fig. 9 shows a plot of the F factor as a function of processing temperature for a grain aspect ratio R ‫ס‬ 3 and ‫ס‬ L/2. The processing temperatures chosen in this plot are the typical temperatures used in the process of Bi-2212. As shown in Fig. 9 , the F factor increases as the temperature increases. This is a consequence of an increased amount of liquid phase. The effect of temperature is more pronounced at high fields where a high degree of alignment is achieved for small amounts of liquid phase.
The results of interaction discussed so far assume that there is always some liquid phase between the grains so that they may rotate. However, we know that in many situations, the grains form grain boundaries, and thus, an assemble of grains may be considered as a rigid solid. For the sake of illustration, let us observe the interaction between two grains connected through a grain boundary (Fig. 10) . It is evident that since the angle between the c axis of each grain and the magnetic field is different for each case, rotation of grain i will be hindered by the presence of grain j. This argument would require a different approach to determine the degree of alignment through the parameter F, and thus, it will not be treated in this paper. However, we may say that the nearest neighbors of grain i, all connected through grain boundaries, are isotropically distributed around the grain, and as a consequence, no net rotation should occur.
V. GRAIN GROWTH UNDER A MAGNETIC FIELD
Once the paramagnetic superconductor grains are fully grown after solidification, the processing of annealing the superconductor material may induce grain growth. As a result, the mean grain size will increase, thereby reducing the total grain boundary energy. In addition, if two paramagnetic grains have their axis of maximum magnetic susceptibility oriented at different angles with respect to the applied magnetic field, a magnetic pressure on the grain boundary will arise. Thus, the influence of a magnetic field on the process of grain growth and its consequences on the development of texture becomes relevant.
The magnetic driving force for grain boundary motion corresponds to the Zeeman energy difference per unit volume between the two grains. Assuming that two anisotropic paramagnetic grains are placed in a high magnetic field H, where is the angle between the magnetic field and the c axis of grain 1, and ␥ is the angle between the c axis of grains 1 and 2 (Fig. 11) , the magnetic moment per unit volume of grains 1 and 2 can be written as
Following the same geometric configuration, the paramagnetic moments per unit volume M c and M ab of grains 1 and 2 can then be expressed as
where c is the paramagnetic susceptibility along the c ជ direction and ab is the paramagnetic susceptibility normal to the ab plane. Substituting Eqs. (50) and (51) into Eqs. (48) and (49), we obtain for the total change in Zeeman free energy per unit volume between two paramag netic grains
where ⌬ ‫ס‬ c − ab is the difference in the volume susceptibilities of the grain. During the early stages of grain growth, the driving force due to the curvature of the boundary is controlling the process of grain growth, 20 and thus the boundary motion driven by the magnetic anisotropy may be con- sidered negligible. However, once the magnetic field starts to play a role in the preferred oriented grains, we may assume that these growing grains possess a more favorable boundary. On the basis of this assumption, we may determine qualitatively how the process of grain subsequent to the initial stages of growth and due exclusively to the magnetic driving force, may influence the evolution of texture.
Let us assume that the growing grains are at ‫ס‬ 0 with the magnetic field. In addition, let us consider the probability P R of a grain with orientation ␥ and ␥ + d␥ remaining after thermodynamic equilibrium has been achieved in the presence of a magnetic field. On the basis of Eq. (52), we may write
where a ‫ס‬ (1/2)⌬H 2 V/kT and is a proportionality constant. Having an initial distribution P I (␥) of grains oriented at angles ␥, we may now determine qualitatively how this distribution is altered after the process of grain growth. In other words, we may write for the final distribution P f (␥) the expression
In Fig. 12 , a plot of two different initial distributions and the effect of an external magnetic field during grain growth on these distributions can be observed. The proportionality constant in this plot was chosen such that the final distribution was normalized with respect to the initial distribution. As shown in Fig. 12 , the effect of the magnetic field on the enhancement of texture is particularly effective in the case of broad initial distributions. This can be seen more clearly in Fig. 13 , in which the average angle is plotted as a function of the applied magnetic field for various initial distributions. Hence, qualitatively, the process of superconductor grain growth during annealing under the influence of an elevated magnetic field is capable of inducing an increase in texture.
VI. DISCUSSION
To relate the results obtained in the previous sections to the typical processing conditions of superconductors, we consider whether the superconductor is in a bulk or FIG. 12 . Influence of grain growth on the enhancement of texture for two initial distributions of grains oriented at angles ␥ and two magnetic fields. P I (␥) are the initial distributions, and P f (␥) are the final distributions after grain growth has reached equilibrium. tape form. In addition, we consider whether the superconductor material is processed above or below the melting point during the application of a magnetic field.
In the case of films or tapes, the presence of silver as a substrate material reduces the melting point of the superconductor and thus may produce a gradient in the amount of liquid fraction across the film thickness. This situation does not occur in non-Ag clad bulk materials where there is a uniform liquid volume fraction throughout the superconductor. This difference is particularly important when the material is processed at temperatures below the melting point. In these circumstances, the superconductor material exhibits fully developed grains that interact during grain rotation under the influence of a magnetic field. As a result, the final microstructure for the bulk or tape form may be very different. In the former, the degree of alignment should be rather uniform across the sample, whereas in the latter, the texture exhibited by the specimen may vary dramatically across the thickness. This situation can be represented by Fig. 9 where the F factor is plotted as a function of temperature. Thus, near the superconductor/Ag interface, where there is a larger amount of liquid phase, the degree of alignment is high. On the other hand, further away from the interface, most of the material is in the solid state, and thus grain-to-grain interaction hinders the process of rotation. With an application of a high magnetic field, we may overcome this interaction, but it will still depend on the thickness of the sample, as well as grain size, grain aspect ratio, and distance between the grains.
Let us now discuss the situation in which the material is processed above the melting point during the application of a magnetic field. Upon solidification, the magnetic-field-induced preferred nucleation is not significant, at least for reasonable values of magnetic field and anisotropic magnetic susceptibility. However, as discussed before, past experiments 13, 14 have shown a high degree of texture obtained well before the grains are fully developed. Hence, we suggest that most of the alignment occurring during the processing of superconductors takes place after the material has been melted and then cooled to a specific processing temperature. Thus, during the early stages of growth, provided V c has been achieved [Eq. (27)], grain alignment may start. This is a favorable situation since the growing grains are still free to rotate because of the large fraction of liquid phase. As shown in Fig. 4 , grains of the order of 600 Å can be highly aligned by the application of a 10 T magnetic field.
Once all the liquid phase is consumed and the grains are fully grown, a particular distribution of grain orientations with respect to the magnetic field is established. Inherent to this distribution, an average angle ␥ that describes the orientation relationship between the c axis of the grains exists. For anisotropic paramagnetic superconductor grains, this provides an extra driving force for grain boundary motion, which may lead to grain growth and eventually to an enhancement in texture (Fig. 12) . In this paper, an attempt was made to assess qualitatively the influence of grain growth on texture. The assumption of having the texture predicted by considering the effect of the magnetic driving force alone is obviously a simplification. In reality, there will be a competition between the driving force due to the grain boundary curvature and the magnetic driving force, and thus, the texture expected will be more difficult to predict.
This competition between the two driving forces is less likely to occur for large grain sizes, for which the preponderant mechanism becomes the applied magnetic field. In addition, the assumption of having the growing grains at ‫ס‬ 0 with respect to the magnetic field is obviously a first approximation. In fact, grains oriented with their c axis at angles > 0 may also grow, provided they are surrounded by grains oriented at angles ␥ greater than zero. Nevertheless, qualitatively, we may expect an increase in texture on annealing oxide superconductors due to the phenomena of grain growth. This effect will be more pronounced when the initial distribution before grain growth is broad. For narrow distributions, in which the degree of texture is already high, the effect of the magnetic field is less evident.
One additional point that is worthy of mention concerns the effect of the microstructure on the degree of texture achieved. The model predicts a decrease in the grain alignment when the distance between the grains decreases and the grain aspect ratio increases. This last aspect seems to have a significant influence on the overall process of rotation. Typically, aspect ratios greater than three reduce drastically the ability of grains to rotate. This means, once again, that most of the alignment should be designed to occur before the grains are fully developed. This suggests a "window" of grain sizes in which the greatest opportunities exist.
Finally, we should point out that in the present model, we have neglected the influence of a magnetic field on the phase conversion, which may occur during processing of superconductor oxides. Moreover, we have not taken into consideration the fact that upon melting of the superconductor material, there are impurity phases that remain in the solid state and may affect the final degree of texture.
VII. CONCLUSIONS
The texture obtained during processing of high-T c superconductor oxides under a magnetic field has been discussed in terms of various mechanisms. In general, we may conclude that the magnetic field is not relevant in the process of nucleation and solid growth. On the other hand, subsequent to the nucleation event, during early growth, the magnetic field can induce a high degree of alignment through a rotation of the superconductor grains. However, once the grains begin to interact, the degree of alignment decreases. To quantify this phenomenon, an F factor has been introduced to predict the degree of texture obtained during processing under a magnetic field. This factor depends only on the anisotropic magnetic susceptibility, volume of the grains, and magnetic field for the cases in which interactions between the grains do not occur. However, when grain-to-grain interactions are considered, the F factor depends also on the volume fraction of the liquid (F increases with increasing ), distance between the center of the grains (F decreases with decreasing ), grain aspect ratio (F decreases as R increases), and temperature (F increases with increasing temperature). Subsequent to the alignment process due to grain rotation, further grain alignment may occur because of graingrowth-induced texture.
